mislocalization and mistargeting of moving objects. In the visuomotor system, where sensory and 23 motor processes are tightly coupled, this predicts that the perceived position of an object should be 24 related to the latency of saccadic eye movements aimed at it. Here we use the flash-grab effect-a 25 mislocalization of briefly flashed stimuli in the direction of a reversing moving background-to 26 induce shifts of perceived visual position in human observers (male and female). We find a linear 27 relationship between saccade latency and perceived position shift, challenging the classic dissociation 28 between "vision for action" and "vision for perception" for tasks of this kind and showing that 29 oculomotor position representations are either shared with or tightly coupled to perceptual position 30
representations. Altogether, we show that the visual system uses both the spatial and temporal 31 characteristics of an upcoming saccade to localize visual objects for both action and perception. 32
34
Introduction 54
55
When we open our eyes, we experience seeing and acting in the present. However, due to the delays 56 inherent in neuronal transmission, the brain needs time to process what we see. Our awareness of 57 visual events therefore lags behind the occurrence of those events in the world. Nevertheless, we are 58 usually unaware of this delay, and are able to interact with even rapidly moving objects with 59 surprising accuracy (Smeets et al., 1998) . One explanation for how the brain might achieve this is that 60 it overcomes its own delays through prediction. By using what it knows about how objects move in 61 the world, the brain can work ahead to compensate for known delays, essentially predicting the 62 present. In visual motion, for example, the future position of a moving object can be extrapolated 63 based on previous samples (Nijhawan, 1994) , and we have recently demonstrated that such neural 64 mechanisms do indeed reduce the lag with which the brain represents the position of a moving object 65 (Hogendoorn and Burkitt, 2018) . A rapidly moving ball, which would be mislocalized if the brain did 66 not compensate for processing delays, can be caught because its future location can be extrapolated 67
given enough information about its past trajectory. Accurately catching the moving ball further 68 requires that the brain compensates not only for the delays inherent in the processing of the incoming 69 visual information, but also for the additional delays incurred by the planning and execution of the 70 hand and arm movement. Effectively functioning in the present therefore requires that a predictive 71 mechanism accurately encodes the time lost in the transmission and processing of sensory 72 information, as well as the expected time that will be lost in preparing the next motor program, 73 transmitting the associated motor commands, and actually moving the corresponding effectors. 74
75
That the brain is able to solve this computational challenge is readily apparent in the saccadic eye-76 movement system. Short duration, saccadic eye movements in the healthy observer are effectively 77 open-loop, ballistic motor acts that can bring moving objects into foveal vision with remarkable 78 precision (Becker, 1989; van Beers, 2007) . Although the saccadic system is thought to program 79 upcoming saccades based on target locations defined by retinal input, our ability to make saccades to 80 moving objects reveals that target encoding in the saccadic system incorporates additional information 81 about the target's anticipated position (Robinson, 1965; Barmack, 1970; Keller and Johnsen, 1990 ; 82
Cassanello et al., 2008). Even when the moving object is only very briefly presented, monkeys trained 83
to make an eye-movement to the target make saccades that land at or close to the location where the 84 target would have been, had it still been visible (Quinet and Goffart, 2015) . This shows that the 85 additional information used by the saccadic system is predictive, and that the brain is capable of using 86 that information to direct the eyes towards a moving object's future location. 87
88
Of course, the execution of eye movements has consequences for the visual information that lands on 89 the retina and accordingly for what we see -that is their primary purpose. Nevertheless, our visual 90 preparation and execution of saccadic eye movements (Lee et al., 1988) , and is specifically involved 128 in extrapolating the future positions of moving saccade targets (Fleuriet and Goffart, 2012; Goffart et 129 al., 2017) . Although the cortical frontal eye fields have also been implicated in extrapolation 130 (Cassanello et al., 2008) we observed the neural signature of extrapolation at posterior, rather than 131 frontal electrodes in our EEG study (Hogendoorn et al., 2015) . The hypothesis is therefore that this 132 perceptual illusion (in which no actual eye movements are made) recruits the same neural 133 mechanisms that are responsible for extrapolating the future positions of saccade targets. 134
135
This hypothesis makes the intriguing prediction that the timing of an imminent saccade can affect the 136 perceived position of a moving object that the saccade is targeting. Although this prediction might 137 seem to violate intuitive causality (i.e., we know where to move our eyes because we see where the 138 object is), it is a logical consequence of a shared neural extrapolation mechanism that compensates for 139 both sensory and motor delays: we perceive a moving object in the position that it will occupy by the 140 time we have made an eye movement to it. 141
142
In support of this hypothesis, it has been reported that when observers execute saccades to objects that 143 are perceptually shifted due to the flash-drag illusion , the degree of than by a gradual transition from an accurate "vision for action" system to a "vision for perception" 157 system that is susceptible to the motion-induced position shift. Altogether, we show that the 158 visuomotor system uses both the spatial and temporal characteristics of the upcoming saccade to 159 localize visual objects. 160
161

Methods
163
Observers -Eight healthy human observers participated in the experiment (age: 20-24, 3 male). All 164 observers had normal or corrected-to-normal vision and gave informed consent prior to participation. 165
Observers received either monetary reward or course credit. 166
167
Materials -Stimuli were presented using a 27" ASUS ROG Swift LCD monitor running at 100 Hz 168 with a resolution of 1440x2560 pixels, controlled by a Dell Precision T3610 computer. The 169 experiment was presented using MATLAB (Mathworks inc., Natick MA) and Psychtoolbox 170 (Brainard, 1997; Pelli, 1997). Distance from the screen was kept constant at 55 cm with observers' 171 heads stabilized in a chinrest. Eye movements were recorded using an Eyelink 1000 eyetracker (SR 172
Research, Mississauga, Canada) with a sampling rate of 1000 Hz. The eyetracker was calibrated 173 before each block using the standard 9-point Eyelink calibration procedure. We also recorded 64-174 channel EEG data during the experiment, but this dataset was not analyzed here. condition were tested using a repeated measures ANOVA, and individual comparisons were tested 214 using two-tailed paired-sample t-tests. In subsequent analyses of saccade latency, bivariate 215 correlations were tested using Pearson's r. 216 217
Results
219
Data was analyzed offline using MATLAB (The Mathworks, Natick, MA). During Perception blocks, 220 observers were instructed to maintain fixation at all times. Trials on which observers' gaze direction 221 deviated more than 2.85˚ from fixation (i.e. size of the target) were discarded (15.3%). During 222
Saccade blocks, observers were instructed to make an eye-movement towards the target. Trials on 223 which participants failed to do so (28.0%) or on which eye-tracking data was missing (17.7%) were 224 discarded from the analysis. On every trial, epochs of 500 ms (starting at target onset) were extracted 225 for analysis. 226 procedure in which logistic functions were fitted to the data, consistent with their dual pathway 274 hypothesis. These logistic functions related saccade latency to saccadic mislocalization and had four 275 parameters: one asymptote for the mislocalisation evident for each pathway, the latency at which the 276 visuomotor system shifts from relying on one pathway to relying on the other, and the slope or 277 sharpness of the transition. Here, we provide an alternative explanation: a linear relationship between 278 saccadic onset and shift in the saccade landing, reflecting predictive compensation. To evaluate both 279 hypotheses, we fitted both linear and logistic functions to the data (plotted as solid and dashed lines 280 respectively in Figure 4 and Figure 5 ). Subsequently, we evaluated the explanatory performance of 281 these fits using 10-fold cross validation. In doing so, we divided each dataset presented in Figure 4  282 and Figure 5C into ten subsets (with a random assignment of trials), after which nine subsets were 283 used to calculate both linear and logistic fits. Then, we calculated their ability to explain the variance 284 in the remaining subset. This process was performed ten times, so that every subset of data was tested 285
once. This showed that, even though the logistic function included two additional free parameters (4 286 rather than 2), it did not explain significantly more variance than the linear fit, either at the level of In localizing moving objects, the brain must somehow anticipate the delays incurred during 300 transmission and processing of visual information. One way it might do so is through motion 301 extrapolation, and such mechanisms have been argued to underlie a range of motion-position 302 illusions. Here, we used the flash-grab illusion (Cavanagh and Anstis, 2013) to test the hypothesis that 303 these perceptual extrapolation mechanisms are shared with the oculomotor system, such that the 304 timing of imminent saccades is linearly related to the perceived position of the objects they target. 305
306
We show that when observers make saccades to objects that are extrapolated along the motion path 307 due to the flash-grab illusion, the degree of shift is directly proportional to the latency with which 308 saccades are made. We subsequently compared this interpretation against a previously-presented 309 alternative interpretation (de Sperati and Baud-Bovy, 2008) in terms of dissociable dorsal "vision for 310 action" and ventral "vision for perception" mechanisms (Goodale and Milner, 1992) 
. De Sperati & 311
Baud-Bovy presented a model in which the relationship between saccade latency and mislocalization 312 was characterized by an S-shape, representing the premise that rapid saccades depend on an accurate 313 "vision for action" mechanism, whereas later saccades depend on "vision for perception" mechanisms 314 that are (more) susceptible to mislocalisation illusions. Because the rationale is a transition between 315 two discrete mechanisms, the function relating saccade latency and mislocalization flattens out for 316 both very early and very late saccades. Whereas our data could in principle be accounted for by a 317 transition from one mode of vision to another, we show that the relationship between saccade latency 318 and saccade landing is equally well explained, and more parsimoniously, by a direct linear 319 relationship consistent with a shared extrapolation mechanism. Furthermore, the characteristic S-320 shape with asymptotic plateaus that de'Sperati & Baud-Bovy (2008) used to describe the shift from 321 one mode to the other was not evident in the present data ( Figure 5C) . 322
323
Irrespective of the precise mechanism, the link between saccade latency and saccade landing position 324 is clear. What is the case then for perception? Here we could not measure saccade latency prior to 325 each perceptual decision as no saccades were made in the perceptual report blocks. Nevertheless, 326
there were very strong links between perceptual judgments and saccade landings: the average size of 327 the two shifts was virtually identical across participants (Figure 3) and the average saccade latency 328 for each participant in Saccade blocks was a good predictor of their perceived shifts in the Perception 329 blocks (Figure 5a ). As such, we believe that the prediction of the position of the target in this illusion 330 uses either the same neural mechanism that is responsible for the planning and execution of a saccade 331 that is aimed at it, or a similar mechanism that is calibrated to give approximately the same amount of 332 shift (for purposes of keeping perception and saccades in alignment). 333
334
Because perceptual reports and saccadic responses were obtained in separate trials, we could not 335 correlate saccade latency and perceptual position shift across trials, but only across conditions and 336 across observers. If observers had made both responses in the same trial, any resulting correlation 337 could be attributed to shared processes at the level of response, rather than reflecting a shared 338 underlying mechanism for extracting the position of a moving stimulus. That is, if asked to make a 339 saccade to the target, and subsequently report the perceived position of the target using a mouse click, 340 observers might simply report the position they fixate at the end of the trial. Such a tendency to align 341 responses would yield a correlation between saccade latency and perceptual position shift without 342 necessarily requiring a shared mechanism for location. By acquiring measures in separate blocks, we 343 eliminated this alternative explanation. The fact that correlations were evident on measures acquired 344 on different trials therefore strengthens the evidence that the two response types draw on the same 345 neural mechanisms. both perception and action (Smeets and Brenner, 1995) . Illusions of motion direction also affect both 370 perception and action, although the effects on saccadic eye movements and smooth pursuit were 371 subtly different (Zivotofsky et al., 1996 (Zivotofsky et al., , 1998 There is one motion-induced position shift (double drift; (Lisi and Cavanagh, 2015) ) that does show a 381 large dissociation: there is a large effect on perception, but no effect on immediate saccades. 382
However, it is not a simple perception-action dissociation, because the illusion is present for ballistic 383 pointing (Lisi and Cavanagh, 2017) as well as for memory-based saccades (Massendari et al., 2018) . 384 
